Abstract Aims/hypothesis: To examine the role of additional immune, genetic and metabolic risk markers in determining risk of diabetes in islet cell antibody (ICA)-positive individuals with a family history of type 1 diabetes recruited into the European Nicotinamide Diabetes Intervention Trial. Methods: Five hundred and fortynine first-degree relatives with confirmed ICA levels ≥20 Juvenile Diabetes Foundation units (mean age 15.9 years; interquartile range 10.4-33.7 years) were recruited from 20 countries. OGTTs and IVGTTs were performed at baseline, antibodies to glutamate decarboxylase (GADA), protein tyrosine phosphatase (IA-2A) and insulin (IAA) were determined by RIA, and HLA class II genotyping was performed by PCR of sequence-specific oligonucleotides. Results: One hundred and fifty-nine participants developed diabetes within 5 years. Univariate analysis showed that the cumulative risk of development of diabetes within 5 years varied according to age, relationship to the proband, positivity for IAA, IA-2A and GADA, number and combination of islet antibodies, HLA class II genotype, baseline glucose tolerance, and firstphase insulin secretion, but not gender or incidence of childhood type 1 diabetes in the background population. Children aged ≤10 years had a 59% risk of diabetes within 5 years, compared with 11% in those ≥25 years (p<0.0001). Using multivariate analysis, independent determinants were age, first-phase insulin response, baseline glucose tolerance and number of additional antibody markers, but not antibody type or genotype. Individuals <25 years with two or more additional antibodies at baseline had a 62% risk of diabetes within 5 years and these combined criteria identified 81% of the cases in the whole cohort. Conclusions/interpretation: We suggest that screening and recruitment for future intervention trials should be limited to family members aged <25 years, and should be based on islet autoantibodies alone.
Introduction
Islet cell antibodies (ICA) and antibodies to insulin (IAA), glutamate decarboxylase (GADA) and protein tyrosine phosphatase IA-2 (IA-2A) appear many years before the clinical onset of type 1 diabetes and can be used to identify individuals at increased risk of disease [1] . Further stratification can be achieved by consideration of insulin secretion and glucose tolerance [2] , and risk may vary with HLA-determined genetic susceptibility [3] . Two large multicentre intervention trials -the European Nicotinamide Diabetes Intervention Trial (ENDIT) and the North American Diabetes Prevention Trial-Type 1 (DPT-1) -have been completed in relatives of patients with type 1 diabetes identified as being at high risk on the basis of ICA positivity, which was chosen as the best-validated marker at the time when the trials were designed [4] [5] [6] [7] . Although neither intervention was effective in preventing or delaying the clinical onset of diabetes, large study populations such as these allow us to validate and extend models of prediction that have been developed on the basis of retrospective analysis of smaller prospective studies.
In DPT-1, the inclusion criteria for the parenteral insulin arm of the trial required a low first-phase insulin response (FPIR), and those for the oral insulin trial required the presence of IAA. Relatives carrying the protective HLA-DQ allele DQA1*0602 were excluded from both intervention arms. Many ICA-positive individuals were not therefore eligible for randomisation and follow-up within a rigorous trial protocol [6] . In contrast, recruitment for ENDIT was based solely on the detection of high levels of ICA (≥20 Juvenile Diabetes Foundation [JDF] units). Data were collected on other potential markers, but follow-up was independent of these results. The trial therefore provides a unique opportunity to evaluate the role of additional immune, genetic and metabolic risk markers in determining risk of diabetes in an otherwise unselected, large cohort of ICA-positive individuals with a family history of type 1 diabetes recruited in 18 European countries, Canada and the USA.
Patients and methods
The protocol, screening stages and main results of ENDIT have been published [4, 5] .
Participants
First-degree relatives of patients who developed type 1 diabetes before age 20, and who were themselves aged between 3 and 40 years, were eligible for screening. The original upper age limit of 60 years was lowered to 40 in 1995, when a multicentre analysis showed that relatives with ICA above that age were at low risk of progression to diabetes [2] . We screened more than 30,000 eligible relatives for ICA, recruited through 354 local centres in 18 European countries, Canada and the USA between 1990 and 1998, and enrolled 552 eligible individuals between June 1994 and May 1998. The inclusion criteria were ICA ≥20 JDF units in at least one sample as measured in the central laboratory and ICA ≥5 JDF units in the other sample. Those found to have diabetes on OGTT were excluded. The protocol was approved by the research ethics committee or equivalent in each participating centre, and also by the appropriate national drug regulatory authorities. Written informed consent was obtained from all participants.
Protocol
Participants were randomised to receive either oral modified-release nicotinamide (Niatrim; Ferrosan AC, Copenhagen, Denmark) at a dose of 1.2 g m −2 day −1 up to a maximum of 3 g/day or placebo for 5 years in two divided doses.
We reviewed participants at baseline, 1 month and 6 months after study entry and 6 months thereafter. OGTT was mandatory at baseline and 6, 18, 30, 42, 54 and 60 months. We tried to maintain annual contact with all participants who had withdrawn from the study for reasons other than development of diabetes, in order to determine their diabetes status. Our primary outcome was the development of diabetes by WHO criteria [8] .
Testing procedures and assays
OGTT Oral glucose (1.75 g/kg body weight, up to a maximum of 75 g) was administered following an overnight fast. Venous plasma samples collected at 0 and 120 min were tested for glucose in the local study centre laboratory. Diabetes and IGT were defined using WHO criteria [8] .
IVGTT IVGTTs were performed according to the Islet Cell Antibody Register Users Study protocol [9] . A glucose dose of 0.5 g/kg, up to a maximum of 35 g, was infused over 3 min±15 s, and blood samples collected at −5, 0, 1, 3, 5 and 10 min. The FPIR was calculated as the sum of the insulin levels at +1 and +3 min.
Islet autoantibodies Baseline samples from all participants were tested for ICA, GADA, IA-2A and IAA in our laboratories at the University of Bristol as previously described, and considered positive if ≥97.5th centile of a control population of 2,860 schoolchildren [10] . The ICA assay achieved 81% sensitivity with 86% specificity in the First Immunology of Diabetes Society Combined Antibody Workshop, and radiobinding assays for GADA, IA-2A and IAA achieved 91% sensitivity with 99% specificity, and 74% sensitivity with 99% specificity and 58% sensitivity with 99% specificity, respectively [11] .
HLA genotyping HLA genotyping was performed in the Institute of Transplantation Immunology, National Hospital, Oslo, Norway. Typing of HLA-DQA1 and -DQB1 was mainly performed using PCR of sequence-specific oligonucleotides [12] . A few samples were also typed for DQA1 and DQB1 with an allele-specific PCR kit (Olerup SSP Genovision, Oslo, Norway) and/or with a reverse dot-blot kit (Reli-SSOP; Dynal, Oslo, Norway).
Insulin assay Plasma insulin was measured in a single laboratory at the Steno Diabetes Center, Gentofte, Denmark using an enzyme-linked two-site immunoassay [13] . To allow comparison of IVGTT results with age-specific centiles for FPIR obtained in the University of Washington, Seattle and used for DPT-1 [6] , 105 samples spanning the range 0-500 pmol/l were assayed in both laboratories. The regression equation of insulin concentration measured in Seattle on the insulin concentration measured in the Steno laboratory was used to derive a correction factor to standardise the measurement to the Seattle assay [14] .
Statistical analysis
Antibody prevalences were expressed in relation to percentiles derived from a population of 2,860 schoolchildren in the Oxford region, UK [10] . HLA-DQ genotypes were defined as follows: high risk: DQA1*0501-DQB1*0201/ DQA1*0301-DQB1*0302 (DQ2/DQ8) or DQA1*0301-DQB1*0302/DQA1*0301-DQB1*0302 (DQ8/DQ8); intermediate risk: DQA1*0501-DQB1*0201/DQA1* 0501-DQB1*0201 (DQ2/DQ2), DQA1*0301-DQB1* 0302/X (DQ8/X) or DQA1*0501-DQB1*0201/X (DQ2/ X), where X is any haplotype other than DQA1*0501-DQB1*0201 (DQ2), DQA1*0301-DQB1*0302 (DQ8) or DQA1*0102-DQB1*0602 (DQ6); low risk: X/X; protective: all genotypes including DQA1*0102-DQB1*0602 (DQ6).
The background incidence of childhood type 1 diabetes for each national centre was derived from comparable studies collated by the Eurodiab or Diamond study groups covering the period 1990-1994 [15, 16] . Data for Russia and Switzerland were taken from other publications covering the same period [17, 18] . No data were available on the incidence of childhood diabetes in Turkey, which was included in the low incidence group on the advice of local investigators. Centres were divided into four incidence categories to give groups of approximately equal size: high (>27.5 cases 100,000
), high intermediate (18.5-25.4 cases 100,000
), low intermediate (9.6-15.5 cases 100,000 −1 year −1 ) and low incidence (<9.1 cases 100,000 −1 year −1 and Turkey). The plasma glucose value at 120 min in the OGTT was categorised according to the WHO definition into IGT (≥7.8 mmol/l) and NGT.
Time-to-event curves were constructed using the KaplanMeier method. The follow-up period for each individual was calculated from the date of the baseline visit, and the end of follow-up was defined as the date of last contact or date of diagnosis of diabetes. Five-year risks were calculated to 5 years±1 month as the acceptable range for the study visit defined by the protocol. Diabetes was defined according to the WHO criteria [8] .
Cox proportional hazards models were used to analyse the time-to-event outcome for individual and combined predictive markers, controlling for treatment group. The following variables were included in the regression model: gender, age at study entry, relationship to the proband, background incidence of childhood type 1 diabetes in the study centre, presence or absence of DQ2, DQ8 and DQ6 haplotype, HLA-DQ genotype risk category, presence or absence of IGT, FPIR above or below age-adjusted 10th centile, GADA, IA-2A and IAA above the 97.5th centile and number of islet autoantibodies above the 97.5th centile. Age at entry and number of additional islet autoantibodies were modelled as categorical variables as no additional linear effect on comparison of model fit was found when the variables were fitted as continuous variables. The model was built in stages following the general strategy for model selection suggested by Collett [19] . Variables found to be statistically significant at the 5% level in univariate analysis were included in the multivariate model. The effect of removing each variable from this multivariate model was assessed. Variables not significant on univariate analysis were also considered for inclusion in the final multivariate model. Finally, to be reassured that the final multivariate model was robust, the model was fitted using forward selection of variables, and yielded the same final model as the backwards selection we used. To overcome problems of collinearity, three multivariate models were constructed each including only one of the following: (1) number of additional antibodies; (2) combination of additional antibodies; or (3) GADA, IA-2A and IAA considered separately. Similarly, alternative models were constructed including either (1) age at study entry or (2) relationship to the proband. Inclusion in the final model was based on comparison of the changes in maximised likelihood associated with removal of the respective variable from the model. First-order interactions between variables were also examined. The assumption of proportionality was evaluated by the inclusion of time-dependent covariates in each model.
Statistical significance was taken as p<0.05. Results are expressed as relative risk (95% CI). Results are reported as number of participants and events for each risk group, and hazard ratios (95% CI) and p values from the Cox model analyses. Statistical analysis was performed using SPSS 11.5 (SPSS Inc., Chicago, IL, USA).
Results
Baseline characteristics Of 552 individuals randomised, two withdrew consent and one developed diabetes before starting the trial medication. No follow-up data were available for these individuals, who have not been included in the present analysis. The baseline characteristics of the remaining 549 participants are given in Table 1 .
As shown in Table 2 , the baseline prevalence of additional immune markers of risk varied with age. GADA, IA-2A and IAA were detected more frequently in younger participants (p<0.0001 for each antibody), and these individuals were also more likely to be positive for two or three antibodies in addition to ICA (p<0.0001). HLA class II genotype also varied with age within this cohort (p=0.007) (data not shown). Metabolic markers of increased risk did not, however, vary with age. FPIR was below the age-specific 10th centile in 39% of participants below the median age (15.9 years) and 34% of older participants (p=0.192), and the baseline OGTT showed IGT in 12% and 7%, respectively (p=0.08).
The presence of additional antibodies was also associated with HLA class II haplotype and genotype (Table 2) . Individuals with at least one DQ8 haplotype had a higher prevalence of GADA, IA-2A and IAA (p<0.0001 for each antibody), and were more likely to have at least two antibodies in addition to ICA (p<0.0001) than those without DQ8. In contrast, individuals with at least one DQ6 haplotype had a lower prevalence of GADA 10th centile is equivalent to 60 mU/l under age 8 and 100 mU/l over aged 8, standardised to the Seattle assay [6] e Unable to fit model as none in the group developed diabetes Table 1 .
The 5-year risk of progression to diabetes estimated from Kaplan-Meier survival analysis and the corresponding hazard ratios in univariate Cox regression analysis according to baseline characteristics are shown in Table 1 and Fig. 1 . Univariate analysis showed that risk varied with demographic characteristics (age at randomisation and relationship to the diabetic proband), other autoantibodies (presence of GADA, IA-2A or IAA, number of markers in addition to ICA and antibody combination), HLA class II (presence of at least one DQ8 or DQ6 haplotype and HLA-DQ genotype) and baseline metabolic status (IGT and loss of FPIR). Risk did not vary with gender, background incidence of childhood type 1 diabetes, or DQ2 haplotype. Multivariate analysis (Table 3) showed that age at randomisation, number of additional antibodies, glucose tolerance and loss of FPIR were independent determinants of risk, but genetic risk category and relationship to the proband were not. When relationship to the proband was substituted for age in the model to overcome partial collinearity between these variables, the Sensitivity of risk assessment Of the 159 participants who developed diabetes within 5 years, 140 (88%) were aged <25 years at study entry, 141 (89%) were siblings or offspring of probands, and 145 (91%) had two or three antibodies in addition to ICA; 129 cases (81%) were both aged <25 and had two or three additional antibodies. Of these 129 individuals, 74 (57%) had an FPIR below the 10th centile at entry, 27 (21%) had IGT and 17 (13%) were in both of these groups.
Discussion
Both ENDIT and DPT-1 emphasised that diabetes can be predicted effectively, and in ENDIT 29% of first-degree relatives, identified simply on the basis of high titres of ICA, progressed to diabetes within 5 years [5, 6] . This analysis has confirmed that risk assessment in ICA-positive relatives can be refined by additional testing for other islet autoantibodies, HLA class II genotype, stimulated insulin secretion and glucose tolerance, and that, irrespective of other markers, age or relationship to the proband are also determinants of risk. Family members with ICA alone had a low risk of progression to diabetes within 5 years, and, as expected, risk increased with the number of markers detected. Multivariate analysis showed that risk of developing diabetes was increased sixfold in those with ICA and one additional marker compared with those with ICA only, 21-fold in those with two additional antibody markers, and 33-fold in those with ICA and GADA, IA-2A and IAA. Of those who developed diabetes, 91% came from the subgroup with two or three additional markers. Low FPIR was confirmed as an important determinant of risk, although 36% of those who developed diabetes within 5 years had an age-adjusted FPIR above the 10th centile at baseline, and IGT was associated with very high risk in the short term, giving an estimated one-year risk of 35% compared with 4% in those with NGT.
This large dataset revealed a complex interaction of risk factors, in particular between age, genotype and islet autoantibodies. Possession of a DQ8 haplotype was associated with an increased prevalence of GADA, IA-2A and IAA, while DQ6 was associated with a decreased prevalence of these antibodies, and individuals with this haplotype were more likely to have ICA alone. Multivariate analysis showed that age and the number of additional antibodies detected were independent determinants of risk of progression, but that HLA class II genotype was not. For example, within the subgroup of participants with at least two antibodies in addition to ICA, the fiveyear risk of diabetes was similar in those with and without FPIR missing for 18 of placebo group and 24 of nicotinamide group c 10th centile is equivalent to 60 mU/l under age 8 and 100 mU/l over aged 8, standardised to the Seattle assay [6] DQ8 (62 [53-72%] vs 58% [50-66%], p=0.2743) and the risk within 4 years was similar between the small group with DQ6 and those without this protective haplotype (50 [15-85%] vs 49% [42-56%], p=0.9832). These observations would be consistent with the speculation that the major role of HLA-associated genetic susceptibility may be in determining the pattern of islet autoimmunity rather than subsequent beta-cell destruction and progression to clinical diabetes-a situation analogous to the NOD mouse in which there are independent genetic determinants of insulitis and diabetes [20] .
A major strength of this study is its size and high level of follow-up. Diabetes status after 5 years of follow-up was established in 477 of 549 participants (87%). In addition all procedures were performed to standardised protocols, and autoantibody assays, genotyping and insulin measurement were each performed in a single reference laboratory. A further strength is that the study was performed in European and North American populations with widely differing background risks of childhood diabetes, allowing us to examine the influence of this variable on risk of progression in antibody-positive relatives. A potential problem in applying the results of this study in future intervention trials is that participants were identified on the basis of ICA, which are no longer used as the primary screen. Other studies have, however, shown that individuals at the highest risk, i.e. those with multiple antibodies, could be identified using alternative strategies based on screening for GADA and IA-2A [21] [22] [23] [24] . It will, however, be of interest to validate these findings in individuals at high risk identified by screening based on GADA, IA-2A and IAA. Nicotinamide was taken by half the participants, but the trial demonstrated that this had no effect upon progression to diabetes [5] and, since we have taken the additional precaution of controlling for treatment group in univariate and multivariate analyses, we think it is valid to analyse the prognostic significance of additional markers in the whole population.
Our findings confirm the importance of age, which was closely associated with positivity for additional islet autoantibodies and FPIR in enhancing risk assessment based on ICA [2] . Risk fell very abruptly in early adult life, and was essentially unchanged after age 25. Loss of FPIR was once again found to be predictive, but we would have excluded more than a third of the individuals who developed diabetes within 5 years if this had been used as an entry criterion. Risk stratification by number of islet autoantibodies was confirmed in this large dataset [25] [26] [27] [28] . Those with ICA alone or one additional marker were at low risk, and risk was concentrated among family members with two or three additional markers. Since this group included almost everyone who developed diabetes, further metabolic testing of these individuals would have provided little additional information. This model predicted diabetes in populations with widely varying background incidence of childhood diabetes, and therefore appears to be robust. Number of islet autoantibodies was the major determinant of risk, and very few ICA-positive adults had two or more additional autoantibodies. If screening for ENDIT had been restricted to the 60% of family members aged <25 [29] , we would have identified 84% of those with two or three antibodies in addition to ICA and 88% of those who developed diabetes within 5 years.
Some of our findings differed from those of smaller studies. It has been suggested that IA-2A are particularly associated with risk of imminent diabetes and confer additional risk in multiple-antibody-positive siblings, to the extent that those without IA-2A could be considered at low risk (<10% within 5 years) [30] . We did not see this in ICApositive ENDIT participants, whether analysed as a single group or in those aged <20 years, using either the 97.5th or 99th centile to define IA-2A positivity (data not shown), perhaps because the cohort was preselected on the basis of high ICA levels. In contrast to some other studies [31] we found no suggestion that risk differed between those with ICA and GADA/IAA, GADA/IA-2A or IA-2A/IAA; the adjusted hazard ratios for these combinations compared with ICA alone were 18, 24 and 19, respectively.
We have focused upon antibody number and combination in the present analysis, but the ENDIT dataset and sample bank allows us to validate other antibody markers of risk. Prediction may potentially be refined by inclusion of other antibody characteristics such as antibody titre, epitope specificity and isotype [31] [32] [33] . Risk has also been related to antibody affinity, particularly with respect to IAA [34] , and consideration of metabolic variables such as insulin resistance could also enhance prediction [35] . In addition, more detailed genotyping, to include, for example, HLA-DR4 subtypes and IDDM2 alleles, might improve upon the limited range of genetic markers included in this analysis.
In summary, this analysis of the ENDIT dataset has validated predictive models developed by retrospective analysis of smaller studies, has confirmed that age and islet antibody testing allow sensitive and specific identification of relatives at high risk of developing diabetes, and has shown that ICA-positive family members >25 years are at low risk. It has demonstrated that HLA class II markers add little to prediction based on age and autoantibodies in relatives with multiple islet autoantibodies, and has confirmed that loss of FPIR is a specific but relatively insensitive marker of risk of progression to diabetes over 5 years. We suggest that screening and recruitment for future intervention trials should be limited to family members aged <25 years, and based on islet autoantibodies alone.
